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At	  low	  sqrt(s)	  (<39	  GeV)	  NCQ	  scaling	  of	  hadron	  
v2	  breaks	  down	  
approximate	  “grouping”	  –	  (but	  not	  by	  charge...)	  
	  
well-‐defined	  ordering.	  	  phi	  	  
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does	  data	  
necessitate	  this?	  
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What	  changes	  as	  √s	  is	  reduced?	  

Change	  in	  degrees	  
of	  freedom?	  

Electric	  quadrupole	  moment	  
	  due	  to	  

	  chiral	  magne7c	  waves?	  

+	  +	  

+	  +	  

-‐	  	  -‐	  	  -‐	  -‐	  
-‐	  

nega.ve	  par.cles	  get	  a	  v2	  boost	  

✔	  

Burnier,	  Kharzeev,	  Liao,	  Yee,	  PRL	  107	  052303	  (2011)	  

not	  complete	  kine.c	  thermaliza.on	  



What	  changes	  as	  √s	  is	  reduced?	  

Change	  in	  degrees	  
of	  freedom?	  

Electric	  quadrupole	  moment	  
	  due	  to	  

	  chiral	  magne7c	  waves?	  

Increased	  baryon	  transport	  from	  entrance	  channel	  (“stopping”)	  
(no	  ques.on	  mark	  needed)	  



Without	  invoking	  phase	  change	  or	  exo.c	  effects,	  
can	  we	  understand	  the	  padern	  of	  scaling	  viola.ons?	  
Let’s	  try:	  
•  remain	  in	  paradigm	  of	  flowing	  cons.tuent	  quarks	  that	  later	  coalesce	  

•  	  incompletely	  thermalized	  distribu.on	  (insufficient	  scadering	  at	  low	  √s)	  

•  	  transported	  u	  and	  d	  quarks	  scader	  more	  à	  more	  thermalized	  (more	  flow)	  
than	  for	  produced	  	  u, d, s, u, d, s3

stopping. These fractions will be used in section III as input
to a simple model to predict the breakdown of NCQ scaling,
Eq. 5.

A. Stopping in heavy ion collisions

In the RHIC energy scan program, the beam energy is var-
ied to modify the initial conditions of the hot QCD system
created. In addition to changing the energy density of the ini-
tial state, it is well-accepted that, due to baryon stopping, the
baryo-chemical potential µB of the system is larger at lowerp

sNN .
Baryon stopping, the transport of baryon number from its

initial location at beam rapidity towards the initially baryon-
free region at mid-rapidity, is most directly measured via the
rapidity distribution of net protons (the number of protons mi-
nus antiprotons). At

p
sNN ⇡ 5 GeV, the rapidity distribution

is peaked at midrapidity. As the collision energy is increased,
the distribution peaks at increasingly forward rapidity. This
behavior has been parametrized as an average rapidity loss,
which increases from approximately 1 unit at

p
sNN ⇡ 5 GeV

to 1.7 unit at
p

sNN ⇡ 17 GeV, with a smaller rise towards 2
units by the highest RHIC

p
sNN of 200 GeV[23]. This rise

in rapidity loss is less rapid than the rise in the beam rapidity
with increasing

p
sNN , leading to a decreasing population of

net baryon number at mid-rapidity.
More detailed statistical model calculations, based on mea-

surements of the yields of a range of particles, agree with
this general conclusion. Within these models, with increasingp

sNN the net baryon density first rises, achieves a maximum
at
p

sNN ⇡ 8 GeV, and then falls for higher
p

sNN [24]. The
system transitions from one with entropy density dominated
by baryons at low energy to one dominated by mesons at high
energy, with equal fractions at

p
sNN ⇡ 8 GeV [25]. The frac-

tional importance of transported quarks to the system’s evo-
lution grows rapidly with decreasing

p
sNN in the lower end

of the region probed by the RHIC Beam Energy scan, fromp
sNN ⇡ 15 GeV to 7.7 GeV.

B. Estimates for the stopping contribution to light quark
yields at midrapidity

In section III, we develop a simple model in which trans-
ported u and d quarks have stronger flow than do produced
quarks (including produced u and d quarks). An important in-
gredient to this model is the fraction of u (d) quarks present
at midrapidity that arise from baryon number transport. In
particular, we want the fraction

XuT ⌘
NuT

NuT +NuP
, (6)

where NuT is the number of u quarks from the incoming heavy
ions transported to midrapidity, and NuP is the number of u
quarks produced from u� ū pair production at midrapidity.
The fraction XdT is defined similarly.

hadron yield u d s ū d̄ s̄

p+ 72.9 72.9 72.9
p� 84.8 84.8 84.8
p0 (*) 78.85 39.43 39.43 39.43 39.43
f 1.17 1.17 1.17
K+ 16.4 16.4 16.4
K� 5.58 5.58 5.58
K0 (*) 10.99 10.99 13.84
K̄0 (*) 10.99 10.99 10.99
p 46.1 92.2 46.1
n (*) 70.84 70.84 141.68
L 13.4 13.4 13.4 13.4
X� 0.93 0.93 1.86
p̄ 0.06 0.12 0.06
n̄ (*) 0.04 0.04 0.08
L̄ 0.1 0.1 0.1 0.1
Sum 305.17 337.33 33 130.07 123.56 28.66

TABLE I: Left two columns: midrapidity yields of com-
mon particles from central Pb+Pb collisions measured by the
NA49/SPS Collaboration [26–33] at

p
sNN = 6.41 GeV. Starred

hadrons are not measured, but estimated from other hadrons.
In particular, dN

⇥
p0⇤/dy = 0.5

�
dN

⇥
p+⇤

/dy+dN
⇥
p�

⇤
/dy

�
,

dN
⇥
K0⇤/dy = dN

⇥
K̄0⇤/dy = 0.5

�
dN

⇥
K+⇤

/dy+dN
⇥
K�

⇤
/dy

�
,

dN [n] = 1.54dN [p], and dN [n̄] = 1.54�1dN [p̄]. The factor 1.54 is
the neutron-to-proton ratio of Pb. Right six columns: midrapidity
yield of constituent quarks for each hadron.

To estimate XuT and XdT , we use measured midrapidity
yields of common particles from central Pb+Pb collisions by
the NA49/SPS Collaboration at

p
sNN = 6.41 and 8.86 GeV.

Tables I and II list the measured yields of hadrons and their
constituent quarks.

Since produced quarks and antiquarks are formed in pairs,
the number of transported u quarks is given by the imbal-
ance between the total number of u and ū quarks; XuT =
(Nu�Nū)/Nu. Table III lists the fractions for the two ener-
gies.

Several comments are in order. Firstly, at these energies,
roughly half of the light constituent quarks at midrapidity
orginate from the colliding nuclei; clearly stopping cannot be
ignored. Secondly, the fraction of d quarks transported from
the y = ybeam is greater than the fraction of u quarks, simply as
a consequence of the isospin of the entrance channel. Thirdly,
the imbalance in s and s̄ quarks in tables I and II reminds us
that our estimates are just that.

III. VIOLATIONS OF SIMPLE NCQ SCALING IN A
TWO-COMPONENT SCENARIO

As discussed in section I, the violation of NCQ scaling,
eq. 5 and the breakdown of the degeneracy of v2 between par-
ticles and antiparticles, implies a lack of kinetic thermaliza-
tion of the dynamic system. This may arise if the energy of the

stopping	  is	  a	  huge	  effect:	  
	  
es.mates	  from	  measured	  yields:	  
at	  √s=	  8.9	  GeV	  (6.4	  GeV)...	  
•  50%	  (57%)	  of	  u	  quarks	  at	  y=0	  come	  from	  transport	  
•  55%	  (63%)	  of	  d	  quarks	  at	  y=0	  come	  from	  transport	  

J.C.	  Dunlop,	  MAL,	  P.	  Sorensen	  arXiv:1107.3078	  	  
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Cons.tuent	  quark	  coalescence,	  accoun.ng	  for	  stopping...	  
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Conclusion	  

•  stopping	  at	  low(er)	  energies	  is	  a	  huge	  effect	  –	  we	  should	  consider	  
effects	  we	  already	  know	  must	  be	  present	  

Without	  invoking	  phase	  change	  or	  exo.c	  effects,	  can	  we	  
understand	  the	  padern	  of	  scaling	  viola.ons?	  
•  probably.	  	  at	  least	  much	  of	  it.	  
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Cons.tuent	  quark	  coalescence,	  accoun.ng	  for	  stopping	  and	  a	  touch	  less	  strange	  flow	  
(completely	  jus.fied	  in	  this	  picture)	  


